A lacZ-based reporter gene system was used to identify the promoter of the Campylobacter jejuni iron-responsive gene regulator Fur. In other Gram-negative bacteria, the fur promoter is usually located directly upstream of the fur gene and is often autoregulated in response to iron. In this study we demonstrate that expression of the C. jejuni fur gene is controlled from two promoters located in front of the first and second open reading frames upstream of fur. Neither of these promoters was iron-regulated, and the presence of both promoters in front of fur gives higher expression of the lacZ reporter than with either promoter alone. Expression from two distal promoters might be a mechanism for regulating the level of the C. jejuni Fur protein in response to unknown stimuli. ß 2000 Published by Elsevier Science B.V. on behalf of the Federation of European Microbiological Societies.
Introduction
The ferric uptake regulator (Fur) is the major bacterial iron-responsive regulatory protein, which controls cellular iron homeostasis by regulating the expression of iron acquisition systems. Additional genes regulated by Fur include toxins, oxidative stress defence and housekeeping genes [1, 2] . Fur homologues have been identi¢ed in both Gram-negative and Gram-positive bacteria [1^3] .
In all fur genes so far characterised, fur is transcribed from its own promoter located directly upstream of the fur open reading frame [4^6] . Expression of fur in Vibrio cholerae seems to be controlled by growth phase only [7] , whereas control of expression of fur in Escherichia coli is more complex. The E. coli fur gene is both autoregulated and regulated by the cAMP receptor protein Crp [4] .
In addition, it was shown recently that the E. coli fur gene is not only transcribed monocistronically from its own promoter, but under conditions of superoxide stress fur is also transcribed from the promoter of the upstream £avodoxin gene £dA as a multicistronic messenger [8] ; this response is regulated by the SoxRS system. The peroxide stress regulator OxyR also in£uences expression from the E. coli fur promoter under conditions of peroxide stress [8] .
Environmental iron concentration is an important stimulus for Campylobacter jejuni, as the bacterium has two iron-responsive regulators that regulate iron uptake (through Fur [9] ) and peroxide stress defence (through PerR [10] ). Transcription of the C. jejuni fur gene has already been shown to have unusual characteristics when compared to most other Gram-negative fur genes. C. jejuni fur is located directly upstream of the housekeeping genes lysS and glyA, which seem to be co-transcribed with fur [9, 11, 12] . Putative Fur boxes and Crp-binding sequences were identi¢ed but not con¢rmed in the sequence directly upstream of C. jejuni fur [11, 12] , and it was hypothesised that expression of fur in C. jejuni is under similar control as described in E. coli [12] .
In this study we used a plasmid-based C. jejuni lacZ reporter gene-based system [13] to identify the two C. jejuni fur promoters that are not located directly upstream of fur. [9] . E. coli strains DH5K (Gibco BRL) and MC4100 were grown aerobically in Luria^Ber-tani medium [15] at 37³C. Plasmids used were pBluescript II SK 3 (Stratagene) and pMW10 [13] . Selection for plasmids in E. coli and C. jejuni was done by supplementing media with kanamycin (50 Wg ml 31 ) or ampicillin (100 Wg ml 31 ) as appropriate.
Construction of transcriptional lacZ fusions
Transcriptional lacZ fusions were created by using the Campylobacter-E. coli shuttle vector pMW10 [13] . This plasmid contains a Campylobacter origin of replication, a kanamycin resistance gene and a promoterless lacZ reporter gene preceded by a polylinker with a unique BamHI site for insertion of DNA fragments containing putative promoter sequences [13] . Overlapping fragments of the C. jejuni fur region were ampli¢ed from C. jejuni 81116 (NCTC 11828) using Expand polymerase mix (Boehringer Mannheim) and cloned into the BamHI site of pBluescript (pBS). Subsequently the sequence was checked for absence of incorporation errors and cloned in both orientations into the BamHI site upstream of the promoterless lacZ gene of pMW10. Plasmid constructs were transformed into C. jejuni 480 by electroporation as described previously [16] , and the presence and identity of the reporter plasmids were determined by PCR and by restriction enzyme analysis of plasmid isolated from C. jejuni. L-Galactosidase (L-gal) activity was determined from cultures grown in iron-restricted or iron-replete MH broth for 7 h at 37³C using standard protocols [17, 18] .
Results and discussion

Genomic organisation of the C. jejuni fur region
Previous studies have demonstrated that the lacZ reporter gene on plasmid pMW10 is a useful tool to study gene expression in C. jejuni [13, 18] . We initially used this system to construct a transcriptional fusion of the 370-bp region directly upstream of C. jejuni fur (Fig. 1 , fragment H) to the lacZ gene, to con¢rm the previously reported iron-regulated expression from this (promoter) region [12] . However, there was no detectable lacZ expression using this region, indicative of the absence of a promoter (Table  1 ). This suggests that the C. jejuni fur gene is not located 5P in an operon, but might be located within an operon with both upstream and downstream genes.
The nucleotide sequence of the region upstream of the C. jejuni 81116 fur gene on plasmid pKG20 [11] was de- a Fragment location as shown in Fig. 1 . Inversion of the fragment relative to the lacZ reporter gene is indicated by the subscripted`inv' notation. b Position of the DNA fragment in the C. jejuni genome sequence [19] . Orientation of the fragment relative to the lacZ reporter gene (as shown in Fig. 1 ) is indicated by arrows. c Promoter positions as indicated in Fig. 1 . d L-Gal activity represented as Miller units ( þ S.E.M.) [17] . e pMW10 and 23E5 have been described previously [13] .
termined and analysed for the presence of open reading frames (ORFs). This analysis showed the presence of two complete ORFs and one partial ORF missing a stop codon (Fig. 1) . The two complete ORFs directly upstream of fur were in the same orientation as fur, whereas the third (incomplete) ORF was orientated divergently (Fig. 1) . The organisation of this region was compared with the recently completed genome sequence of C. jejuni strain NCTC 11168 [19] , and found to be identical. The identity between the DNA sequences from C. jejuni 81116 and NCTC 11168 was 99% (data not shown), and these di¡erences resulted in one amino acid di¡erence between each of the two deduced ORFs upstream of fur and fur itself. We have used the designation of the ORFs (Cj0397c, Cj0398 (gatC) and Cj0399) as annotated in the genome sequence ( Fig. 1 ) [19] . All three ORFs show homology to ORFs of the phylogenetically related pathogen Helicobacter pylori that do not map close to the H. pylori fur gene [20] . The product of ORF Cj0399 shows highest homology to a protein (Hp0181), which is found directly upstream of the H. pylori lysS and glyA genes. ORF Hp0181 and Cj0399 were annotated as putative integral membrane proteins in the H. pylori and C. jejuni genomes, respectively. The product of ORF Cj0398 is homologous to the Hp0975 protein, which is predicted to be a GlutRNA Gln amidotransferase, subunit C (gatC). Finally, the product of the Cj0397c ORF is homologous to the Hp0864 protein, and both were annotated as hypothetical proteins [19, 20] .
Localisation of promoters in the C. jejuni fur region
The lacZ-based reporter gene system of plasmid pMW10 [13] was utilised for identi¢cation of promoters and their iron regulation in the fur region. Given the organisation of the fur region, the fur promoter could be expected to be in front of gatC (designated P2), Cj0399 (designated P3) or, as speculated previously [14] , in front of fur (P4). Other possible promoter positions in this region were in front of lysS (P5) and the divergent promoter in front of Cj0397c (P1). Overlapping fragments were ampli¢ed which contained all putative promoters alone or in combinations (Fig. 1) , cloned in pBS and checked for incorporation errors. Despite several attempts using a DNA polymerase with proofreading activity, we were unable to clone the fragments D, G and I without incorporation errors, and interestingly, the errors were always in the fur coding sequence (data not shown). We were able to clone fragment J, which contains the full fur coding sequence, but not the upstream region (fragment I). This indicates that the C. jejuni Fur protein might interfere with E. coli metabolism when expressed from a high copy number plasmid. All other fragments were cloned in front of the promoterless lacZ gene of pMW10 in both orientations. These constructs were transformed into C. jejuni 480 and their L-gal activity was determined in both iron-restricted and iron-replete conditions. As a control for iron-responsive expression of the lacZ reporter we used the C. jejuni katA: :lacZ fusion described earlier [18] (data not shown).
The reporter gene constructs clearly showed that only P1, P2 and P3 have promoter activity, as fragments containing only P4 or P5 did not show any L-gal activity. P1 is divergently orientated to fur and thus is not expected to in£uence expression of fur. Interestingly, expression of the fur: :lacZ fusion was higher when both P2 and P3 were included in the tested fragment (fragment C; 358 þ 32 L-gal units) compared to P3 alone (fragment F; 99 þ 7 L-gal units). This indicates that both P2 and P3 might be involved in the expression of fur in C. jejuni. None of the promoters identi¢ed in the fur region was iron-regulated (data not shown), indicating the absence of iron-responsive autoregulation or regulation through PerR [10] . Although the reporter system used here is located on a plasmid with a medium copy number (ca. 20 [13] ), it was used successfully to demonstrate iron-regulated expression from the C. jejuni ahpC and katA promoters [18] . We also determined the L-gal activity of the di¡erent promoters in an E. coli background. Interestingly, P4, which shows no activity in C. jejuni, promotes expression in E. coli (data not shown). This could explain the successful complementation of an E. coli fur mutant that was observed when the C. jejuni fur gene was initially identi¢ed [11] .
Previous studies using Northern hybridisation indicated that there are multicistronic mRNAs containing fur in C. jejuni strain TGH9011 [12] . Three fur transcripts were identi¢ed, but were not further characterised. Analysis of the region downstream of the glyA gene showed three more ORFs that are likely to be co-expressed with the fur gene, given that each ORF in the putative operon is directly adjacent or overlaps [19] . The two long transcripts identi¢ed by Chan et al. [12] are likely to be transcripts initiated from the two promoters identi¢ed in this study. The third, short transcript could be the result of RNA processing [12] .
Expression of fur from two promoters has been recently described in E. coli [8] , and results in the regulation of expression of fur in response to several stimuli, including superoxide and peroxide stress. The C. jejuni fur gene is unique, as it does not have its own promoter but is located in an operon that includes the downstream housekeeping genes lysS and glyA. However, there are two possible multicistronic messengers that may be formed, one initiated from the P2 promoter upstream of gatC and one from the (weaker) P3 promoter upstream of Cj0399. Although neither promoter is regulated in response to iron, di¡erential promoter expression would allow for regulation of fur in response to di¡erent environmental stimuli ; the nature of these signals is currently under investigation.
